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Abstract
The Drosophila midline (mid) transcription factor gene encodes a highly conserved
invertebrate ortholog of the mammalian Tbx20 gene essential for regulating the
development of diverse tissues including the central nervous system (CNS), epidermis
and heart. Decreasing mid transcript levels within larval eye discs using RNAi (midRNAi) results in poorly organized IPCs and in adult eyes, interommatidal bristles derived
from sensory organ precursors are significantly reduced in number within the ventral eye
field. We also observe gross abnormalities in bristle polarity, ommatidial organization,
cellular adhesion and pigmentation in adult mid-RNAi flies. By combining a classical
genetic modifier screen with the established RNAi methods, we set out to identification
mid-interacting genes and from this screen found that mid potentially interacts with
members of the pexin gene family. Pexin proteins are critical for regulating peroxisome
structure and function. Placing heterozygous mutant alleles of several pexin genes within
the mid-RNAi background did not enhance or suppress the mutant bristle phenotype.
However, we found that overexpressing pexin10 in the mid-RNAi genetic background
nearly complete suppressed or rescued the mutant bristle phenotype. These results
suggest that peroxisomal functions are compromised in cells of mid-RNAi larval eye
discs since expression of a critical pexin gene, pexin10, recovered the cells to their wildtype morphologies. Future research will elucidate how mid functions to regulate
peroxisome function.

Introduction:
Drosophila melanogaster
Drosophila is a key model organism in the study of human diseases. Several
Drosophila genes are homologous to the human genome so understanding the way the
central nervous system (CNS) develops in fruit flies may lead to a better understanding of
diseases in the human CNS such as Alzheimer’s, Huntington’s and Parkinson’s.
Drosophila melanogaster has long been considered a model organism for genetic
studies. They are very simple to grow and reproduce. They survive on a simple diet of
spoiled fruit and easily survive in small vials. Fruit flies have a large significance in the
study of human diseases. Drosophila has a very short life span. From the embryo to
adult, the life span is ten days, and adults live for an average of two weeks. This allows
several crosses to be accomplished in a very short amount of time. The entire fly genome
has been sequenced and is contained in only four chromosomes with roughly 13,600
genes (Adams MD et al. 2000). This makes it extremely easy to manipulate and produce
mutants for study. While humans have significantly more genetic information than flies,
nearly every human gene has a homolog somewhere in the fly genome (Twyman, 2002).
According to Daniel St. Johnson, “197 of 287 known human disease genes have
Drosophila homologues” (St. Johnson, 2002). This means that the effects of mutant
genes in the fly can be translated to the human genome to give us a better understanding
of the way genetic mutations work in humans. A major area of study is the CNS since
not much is known about how the CNS is formed from neuroblast stem cells and how
gene mutations might affect the formation of the CNS.
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Role of mid in CNS development
The Drosophila genome contains two axon guidance systems that properly align
neuroblasts to create the ventral nerve cord (Liu et al. 2009). In Drosophila, the gene mid
is pivotal in the formation of the CNS, specifically in regulating the axon guidance
systems. mid is a segment polarity gene that is highly expressed in the extreme anterior
end of each segment of a developing embryo (Buescher et al. 2006). In the developing
embryo, the neuroectoderm, a specialized portion of the ectoderm that gives rise to the
neural crest, is developed in neuroblasts. It has been shown that mid is expressed in the
anterior part of segments and is vital in the formation of neuroblasts from the
neuroectoderm in that region (Buescher et al. 2006). mid also codes for the transcription
factor protein Midline, which is a regulator of the two axon guidance systems
Netrin/Frazzled and Slit/ROBO. These two systems allow neuroblasts to process
repelling and attracting signals to effect a change in their growth cone and to ultimately
create the ventral nerve cord (Liu et al. 2009). mid has also been shown to regulate the
cell specification of post-mitotic neurons in the ventral nerve cord of the Drosophila
embryo (Leal et al. 2009)
RNAi screening
An important method for studying the effects of a gene on developmental
processes is through RNAi screening to reduce its expression in specific cells or tissues.
This method is referred to as reverse genetics. It is utilized to construct genetic mutants
before actually knowing what phenotype will result (Adams and Sekelsky, 2002). RNAi
screening uses a double-stranded piece of RNA that is complementary to the mRNA
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produced by the gene in question. The dsRNA is broken down in the cell into short,
single-stranded RNAs called siRNAs. Each siRNA binds to its target mRNA so that it is
not translated, effectively silencing the gene (Boutros and Ahringer, 2008). Using this
technology, mid expression can be knocked down specifically in the CNS and eye. The
lab chose to reduce mid expression in the developing eye and observed a dosage-sensitive
phenotype necessary for a genetic modifier screen. Specifically, the lab used the UASGal4 system to target disruption of mid transcripts in eye tissue (Brand and Perrimon,
1993).
GAL4 Regulation of Genes
The GAL4/UAS system is a method in which target genes can be repressed.
GAL4 is a protein that regulates transcription in cells via binding to a genetically inserted
Upstream Activating Sequence (UAS) portion of their genome. The UAS is similar to an
enhancer region in gene expression and is linked to the gene of interest (Duffy, 2002).
Genes that are regulated by UAS can only be expressed if the GAL4 gene is present in
the genome. To accomplish this, one fly expressing the gene regulated by UAS is mated
to another fly expressing GAL4. The resulting progeny will produce GAL4, which will
turn on the UAS regulated gene and produce the phenotype of that gene. This is called a
gain-of-function cross since the offspring gains the function of the gene(s) regulated by
the GAL4/UAS system. Since these genes are maintained in separate parental lines,
potentially deadly genes can be studied because they will not be turned on by GAL4
(Duffy, 2002). The GAL4/UAS system can also be used to study loss-of-function
phenotypes through the use of RNAi by activating the genes that are responsible for
creating dsRNA (Duffy, 2002). For this method, a piece of hairpin RNA, a piece of RNA

4

folded back onto itself, is inserted into the genome downstream of the UAS enhancer
region but upstream of the gene in question with an intron in between the hairpin and the
gene. The hairpin, along with the gene, is transcribed into mRNA. When the introns are
spliced out and the mRNA is translated, RNAi will be expressed and the gene in question
will be knocked down (Duffy, 2002).
Genetic modifier screen
A successful genetic modifier screen requires a dosage sensitive phenotype. By
observing that reducing mid results in a 50% decrease in interommatidial bristles, we
realized that we could “place” a heterozygous chromosomal deficiency within the midRNAi background and determine whether the bristle phenotype would be enhanced
(fewer bristles; <50%) or suppressed (more bristles; >50%). If a chromosomal deficiency
line lacking a subset of genes modifies the mid-RNAi mutant bristle phenotype, then one
or more of the deleted genes is a mid-interacting gene candidate. In the lab, we mate
virgin mid-RNAi females with males possessing a chromosomal deficiency. We then
count the number of bristles of the progeny possessing both the mid-RNAi and
chromosomal deficiency. If there is a change in the number of bristles compared to midRNAi mutants, then we know a gene(s) in the deficiency interacts with mid.
pexin Genes
The pexin family of genes is an extremely understudied family of genes. They
control the formation of peroxisomes in the cell. Peroxisomes are important for βoxidation of long-chain fatty acids as well as the breakdown of H202. Both pex2 and
pex10 code for peroxisomal transmembrane proteins, but the complete function of these
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proteins is not fully understood (Chen et al, 2009). It has been shown that their
dysfunction is implicated in the etiology of Zellweger Syndrome. Zellweger Syndrome is
caused by an accumulation of long-chain fatty acids in the cell. Neurons in people with
Zellweger Syndrome cannot migrate properly resulting in severe mental dysfunction
(Faust and Hatten, 1997). Faust and Hatten showed that in mice, deletion of PEX2
resulted in the deformation of the cerebral cortex (Faust and Hatten, 1997). Other studies
done in Drosophila have shown that deletion of pexin genes have had an effect on
spermatocyte growth and cytokinesis (Chen et al, 2009). For my study, I will be
examining whether mid collaborates with pex1, pex2, and pex10. Pex2 and Pex10
proteins are required to import peroxisomal membrane proteins (Nakayama et al, 2011).
Eye Formation
The Drosophila eye is composed of thousands of photoreceptors. These
photoreceptors have been named R1-R8. Collectively, the eight photoreceptors and
accessory cells form hexagonal units referred to as ommatidia and about 750 ommatidia
create the compound eye. In the developing fly, R8 is the first to form followed by R2
and R5, R3 and R4, R1 and R6, and R7 is the last to develop (Tomlinson and Ready,
1986). The Drosophila eye also contains many interommatidial bristles that aid in
mechanoreception. These eye bristles are derived from a single sensory organ precursor
cell (SOP). SOP formation in the eye is linked to genes involved in CNS formation
(Furman and Bukharina, 2008). Eye epithelial disc SOPs are formed though a series of
asymmetric divisions. The first division of the SOP produces the IIa and IIb daughter
cells. The IIa cell divides to give rise to the socket and shaft cell while the IIb cell give
rise to a IIIb daughter cell and terminal glial cell. The IIIb cell divides asymmetrically to
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produce a sheath and sensory neuron. The specification of cells in the bristle complex is
also regulated by the Notch-Delta signaling pathway (Roegiers et al 2001). As such, the
eye is a good model system for translational studies.

Fig. 1. Schematic showing the division of SOP cells to its daughter cells. SOP
divides into IIa, which become the socket and shaft cells and IIb. IIB divides into
IIIb, which becomes the sheath and neuron cells.
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Materials and Methods:
Fly Stocks
Drosophila melanogaster wild-type and transgenic flies are maintained at 25°C
on a standard cornmeal-yeast-molasses-grape juice-agar. The GAL4/UAS system
(Duffy, 2002) is used to express transgenes in fly larvae. Our mutant pexin lines, w118;
PBac{WH}pex2f01899, y1w67c23;P{Mae.UAS.6.11}pex10DP10222, w118;
P{EPg}pex2HP35039/TM3Sb, and y1w*; P{EP}pex10G5094, were obtained from the
Bloomington Stock Center in Indiana, and our mid-RNAi stocks are from Rolf Bodmer
from the Burnham Institute in San Francisco, CA.
Eye Screening
Drosophila eyes are observed under a Leica M165 stereomicroscope with a DFC
295 digital camera. A one-day old fly with geneotype UAS-midline/+;GMR-Gal4/Df(3L)
is mounted on a microscope slide with clear nail polish with one eye facing up. The
microscope is connected to a computer that allows us to combine several multifocal
images into one image to create the optimal picture. Eye bristles are then tagged and
counted using Image-Pro Analyzer software (Media Cybernetics, Houston, TX). Then
they were compared to wild-type flies to determine the effect of the mutation.
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Figure 2: An example of the chromosomal deficiency harboring midinteracting genes. Wild-type has no mutations and about 400 eye bristles.
midline-RNAi has midline knocked down and about half as many bristles as the
wild type. Midline-RNAi / 3rd chromosome deficiency has midline knocked down
and a portion of the 3rd chromosome deleted.

Immunostaining
Drosophila embryos have two protective layers surrounding their body. The
outer covering is the chorion and the inner membrane is the vitelline membrane.
Embryos are collected and the chorion is dissolved soaking them in 50% bleach for three
minutes. They are rinsed extensively with distilled water and 2ml of both heptane and 2
ml 37% formaldehyde is added. The embryos are then put on a nutator for two minutes.
This fixes the tissues. The formaldehyde layer (bottom) is removed and 6-10ml of
methanol is added. These are then shaken by hand for 1-2 minutes to remove the

9

vitelline membrane. Embryos with both membranes dissolved should sink to the bottom.
Embryos can be saved in methanol at -20°C for up to 3 months. Once an approximate 50
microliters of embryos have been collected, the methanol is removed and the embryos are
washed twice with PTX for 10 minutes. PTX is composed of Triton-X and PBS, which is
a set solution composed of NaH2PO4, Na2HPO4 and NaCl. The embryos are then washed
three times with PBT, a mixture of Bovine serum albumen and Triton-X. The primary
antibody is then added and the embryos are incubated at 4°C overnight. The primary
antibody is then removed and the embryos are washed with PBT three times. The
secondary biotinylated antibody is then added and the embryos are incubated. After
incubation, the embryos are washed six times with PBT then AB is added, a combination
of Avidin and horseradish peroxidase. Incubate in the dark then wash twice with PBT
followed by two washes of PTX. Develop the stain by adding peroxidase substrate and
diaminobenzidine (DAB). After the stain is developed, the embryos are washed five
times with PTX and observed under a high-power light microscope.

Figure 3: A: Embryo central nervous system with no mutations after staining.
B: Embryo central nervous system with mutation on the 3rd chromosome.
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Results:
We used the Gal4/UAS-mid-RNAi line to reduce the amount of midline
expression in the eye. We found that this reduced the interommatidial bristle count by
about fifty percent compared to the wild-type phenotype as well as produced darkened
necrotic tissue (Fig. 4). We then mated female virgin mid deficient flies (Gal4/UAS-midRNAi) to male flies that were mutant alleles pex1, pex2 and pex10. As a result of this
cross, we found that one variation, y1w67c23;P{Mae.UAS.6.11}pex10DP10222, had a rescue
effect while the others did not.

Figure 4: Wild-type and mid-RNAi light microscope and SEM pictures. A: Wildtype eye under light microscope. B: mid-RNAi eye under light microscope. C: Wildtype eye SEM. D: mid-RNAi eye SEM. E: Graphical representation of bristle count by
position on the eye.
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Fig. 5. Bristle numbers for wild-type, RNAi and RNAi/mutant allele. This
figure shows the bristle count for each genotype and sex. Genotypes include wildtype, GMR-Gal4/+ ; UAS-mid-RNAi/+, and GMR-Gal4/+ ; UAS-mid-RNAi/
w118; PBac{WH}pex2f01899.
The first line, number 18485, phenotype w 118; PBac{WH}pex2f01899 (Fig. 5) was crossed
with the Gal4/UAS-mid-RNAi line and produced males with a twenty-eight percent
reduction in bristles compared to the Gal4/UAS-mid-RNAi line. The females did not
show any reduction in the number of bristles.
12

*


* p<0.0001
 p<0.0001

Fig. 6. Bristle numbers for wild-type, RNAi and RNAi/mutant allele. This figure
shows the bristle count for each genotype and sex. Genotypes include wild-type,
GMR-Gal4/+ ; UAS-mid-RNAi/+, and GMR-Gal4/+ ; UAS-mid-RNAi/
y1w67c23;P{Mae.UAS.6.11}pex10DP10222. A two-tailed t-test showed that pex10DP0122
significantly rescued the mutant phenotype.
The second line, number 21837, phenotype y1w67c23;P{Mae.UAS.6.11}pex10DP10222
(Fig.6) was crossed with Gal4/UAS-mid-RNAi. This cross produced both male and
females that showed that a majority of the bristle formation had been rescued. In genetic
terms, placing a heterozygous mutant allele of pex10DP10222 suppressed the mid-RNAi
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mutant bristle phenotype. Pictures of the eye of all three progeny are shown below (Fig.
7).

B

C

Male

A

F

E

Female

D

Figure 7. Eye pictures showing the rescue effect of 21837. A: Wild-type male. B:
mid-RNAi male. C: mid-RNAi/ y1w67c23;P{Mae.UAS.6.11}pex10DP10222 male. D:
Wildt-ype female. E: mid-RNAi female. F: mid-RNAi/
y1w67c23;P{Mae.UAS.6.11}pex10DP10222 female.
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Fig. 8. Bristle numbers for wildtype, RNAi and RNAi/mutant allele. This figure
shows the bristle count for each genotype and sex. Genotypes include wildtype, GMRGal4/+ ; UAS-mid-RNAi/+, and GMR-Gal4/+ ; UAS-mid-RNAi/ w118;
P{EPg}pex2HP35039.

Figure 8 shows the average number of bristle counts for the cross between midRNAi and line number 21973, phenotype w118; P{EPg}pex2HP35039/TM3Sb. Both
female and male bristle counts were relatively close to the mid-RNAi line, showing that
there is little to no interaction.
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Fig. 9. Bristle numbers for wild-type, RNAi and RNAi/mutant allele. This figure
shows the bristle count for each genotype and sex. Genotypes include wild-type, GMRGal4/+ ; UAS-mid-RNAi/+, and GMR-Gal4/+ ; UAS-mid-RNAi/ y1w*;
P{EP}pex10G5094.
Figure 9 shows the average number of bristle counts for the cross between midRNAi and line number 27176, phenotype y1w*; P{EP}pex10G5094. Both male and female
progeny show a slight increase in eye bristle formation, but not nearly as much as the
other pex10 line.
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Table 1

Average Number of Interommatidial Bristle Count +/- SE
midWild-type

mid-RNAi
RNAi/Df(3L)

Fem

Male

Fem

Male

Fem

Male

21837
435.1
y1w67c23;P{Mae.UAS.6.11}pex10DP10222

415

259.5

232.8

413

364.8

18485
w118; PBac{WH}pex2f01899

398.8

393.4

259.5

232.8

266.3

167.9

21973*
w118; P{EPg}pex2HP35039/TM3Sb

379.3

367.7

249.9

221.3

246.6

219.6

27176
y1w*; P{EP}pex10G5094

376.8

343.3

259.5

232.8

287.2

288.1

*Progeny from the cross between mid-RNAi x w118;P{EPg}pex2HP35039/TM3Sb (21973)
are shown on the next page (Fig. 10) as representatives of the phenotypes with no
interaction.
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B
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D

E

F

Female

Male

A

Figure 10. Eye pictures showing no effect of 21973. A: Wild-type male. B: midRNAi male. C: mid-RNAi/ w118; P{EPg}pex2HP35039 male. D: Wild-type female. E:
mid-RNAi female. F: mid-RNAi/ w118; P{EPg}pex2HP35039 female.
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As stated in the materials and methods, pexin deficient embryos from lines w118;
PBac{WH}pex2f01899, y1w67c23;P{Mae.UAS.6.11}pex10DP10222, w118;
P{EPg}pex2HP35039/TM3Sb, and y1w*; P{EP}pex10G5094 were stained with FASII using
the procedures outlined in the immunochemistry section. All pexin embryos exhibited
wild-type CNS development. During the staining process, the embryos clumped together
suggesting that the vitelline membrane could be disrupted causing the embryos to adhere
to each other. I also observed increased FASII staining on the epidermal segments.
FASII is an adhesion molecule and over-expression of FASII can cause the clumping.
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Discussion:
pexin genes are important for forming transmembrane proteins that are integrated
into the membrane of peroxisomes. The peroxisome aids in the breakdown of long chain
fatty acids though β-oxidation and is essential in providing energy for the brain. Defects
in pexin genes have also been shown to be the cause of neurological disorders including
Zellweger’s Syndrome. Since deficiencies in pexin genes are implicated in the etiology
of specific neurological defects, they may interact with midline to form the CNS in
Drosophila.
In this study, we have shown that certain variations in the pexin family of genes
have a rescue effect on the interommatidial bristle formation of the mid-deficient
phenotype. This transgenic line, y1w67c23;P{Mae.UAS.6.11}pex10DP10222, carries a UAS
promoter region in its genotype. Therefore, when Gal4 is expressed from the mid-RNAi
construct, pex10 is also expressed. This causes an over expression of pex10 in the
progeny and likely provides enough Pexin10 to restore normal peroxisome function.
In Das et al 2012, it was observed that Mid is colocalizing with an endosomespecific maker, Numb (Fig 11). When mid is reduced using RNAi, the localization
pattern of Mid becomes diffuse and thus, is not completely stored within the endosomes.
Endosomes are members of a set of organelles important for trafficking proteins and
these organelles consist of the ER, Golgi, and finally the endosome. Recent studies have
suggested a new paradigm for intracellular trafficking that involves “Transient InterCompartmental Contact Sites” (TICCS) (Zehmer, et al 2009). In this model, the
peroxisome harbors a recognition site protein that can fuse with a cognate protein
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expressed on endosomes. I theorize that over-expression of pex10 helps to facilitate this
TICCS mechanism and restore transport of Mid and other vesicular proteins.

Figure 11. Immunofluorescence staining of Mid, Numb and DAPI in the
imaginal discs. Panel D and H both show colocalization of Mid and Numb proteins
in the endosome.
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Currently there are no treatments or cures for Zellweger’s Syndrome since all of
the developmental processes that cause Zellweger’s take place before birth. After birth,
treatment is severely limited and can normally only treat symptoms that make life a little
easier. Most children born with Zellweger’s do not make it past 6 months. Gene therapy
is already being studied to treat adrenoleukodystrophy, another peroxisomal membrane
protein deficiency disease. If the gene therapy proves to be a viable treatment for
adrenoleukodystrophy, it might also be used to introduce the human equivalent of the
pex10 gene back into the patient. This would restore normal peroxisome function and
prevent the disease from progressing any further.
In conclusion, we have identified that over expression of pex10 results in a rescue
in the number of interommatidial eye bristles in the Drosophila eye. While it is not
certain that pex10 interacts directly with midline, we do know that it plays an important
role in regulating midline function. I am excited to be a future co-author on another
paper that will fully explore the role of pex10 in eye and CNS development.
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